Obesity is endemic in many regions of the world and a forerunner of several serious and sometimes fatal diseases such as ischemic heart disease, stroke, kidney failure and neoplasia. Although we know its originFit results when energy intake exceeds energy expenditureFat present, the only proven therapy is bariatric surgery. This is a major abdominal procedure that, for reasons that are largely unknown (it cannot be explained solely by a reduction in ventricular volume), significantly reduces energy intake, but because of cost and limited availability, it will most likely be reserved for only a small fraction of those who stand to gain from effective antiobesity treatment. Clearly, alternative ways to treat obesity are needed. Another way to combat excessive accumulation of white adipose tissue would be to increase energy expenditure. Rodents, hibernators and human infants all have a specialized tissueFbrown adipose tissue (BAT)Fwith the unique capacity to regulate energy expenditure by a process called adaptive thermogenesis. This process depends on the expression of uncoupling protein-1 (UCP1), which is a unique marker for BAT. UCP1 is an inner mitochondrial membrane protein that short circuits the mitochondrial proton gradient, so that oxygen consumption is no longer coupled to adenosine triphosphate synthesis. As a consequence, heat is generated. Mice lacking ucp-1 are severely compromised in their ability to maintain normal body temperature when acutely exposed to cold and they are also prone to become obese. We have shown that, in mice, BAT protects against diet-induced obesity, insulin resistance and type 2 diabetes. This is based on prevention of excessive accumulation of triglyceride in non-adipose tissues such as muscle and liver. Ectopic triglyceride storage at these locations is associated with initiation of insulin resistance and, ultimately, development of type 2 diabetes.
Introduction
Brown adipose tissue (BAT) has been considered without physiological relevance in adult humans. Recently, this view was radically changed by identification of significant amounts of metabolically active BAT in healthy adults (hBAT). This was recently published in The New England Journal of Medicine, [1] [2] [3] making BAT-mediated dissipation of excess energy in humans a real possibility. This new knowledge is part of an explosion of information regarding BAT function that has accumulated during the last few years, and catapulted brown fat from a position of relative obscurityFas an animal-only tissueFto the center stage of human physiology. Together, these advances are stimulating a reassessment of the role of BAT in human pathophysiology. Furthermore, these new data also afford exciting new opportunities for the development of entirely new classes of therapeutics for metabolic diseases such as obesity and type 2 diabetes. Any effective treatment for obesity must, over time, affect the total energy balance by either increasing expenditure or reducing intake. Complex hormonal, neuronal, genetic and behavioral networks govern food intake and satiety. Research in these areas is focusing on new ways to combat obesity by modulating energy intake. The development of strategies to increase the amount of and/or activity of hBAT provides an alternative and a conceptually attractive way to enhance energy expenditure, especially as this system has evolved with the sole purpose of safely dissipating large amounts of chemical energy. These issues are best addressed by using a multidisciplinary approach that will combine the skills and expertise from several different research milieus spanning from molecular regulation of metabolism to whole-body energy expenditure, which will involve imaging, internal medicine, surgery, genetics, molecular biology, biochemistry and systems biology.
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Origin of BAT
Until recently, many investigators assumed a common origin of brown and white adipocytes. This was based on several observations, such as that brown and white adipoblasts have very similar morphology, that they both store triglycerides in intracellular lipid droplets and that, with a few notable exceptions (for example, uncoupling protein-1 (UCP1)), they display very similar gene expression profiles. However, several recent studies weigh against a common origin of the white and brown adipocyte. 12, 13 Atit et al. 12 proposed a common lineage for muscle and brown fat, based on their finding that specific cells of the dermamyotome (derived from paraxial mesoderm) expressing the transcription factor engrailed-1 give rise to both muscle and brown fat cells, but not to white adipocytes. In support of this idea, expression profiling revealed that muscle and brown fat cells both express myogenic factors such as Myf5, 14 and in vivo lineage tracing demonstrated a common origin for brown adipocytes and myocytes 13 ( Figure 1 ). Seal et al. 13 also demonstrated that two types of brown adipocytes exist. Those induced by adrenergic stimuli (b3-agonist, CL316243) are negative for the marker, and are thus derived from a lineage of cells that have never expressed Myf5 ( Figure 1 ). Such cells are interspersed in white adipose tissue and probably stem from activation of dormant precursor cells. In contrast, brown fat cells derived from Myf5 þ cells are located at 'classical' brown fat locations, for example, around the kidney and between the shoulder blades. Myf5À cells originate from blood vessel-associated pericytelike cells 15 that are of lateral plate mesoderm origin.
Thus, it is likely that brown adipocytes that differentiate in response to 'environmental' cues such as adrenergic stimulation have a different origin from those derived from the dermamyotome (which is derived from paraxial mesoderm). This finding of twoFto some extent differentFpools of BAT cells is supported by studies indicating that genetic variability affects the development of brown adipocytes in white fat but not in interscapular BAT. 16 
Genes and signaling pathways in BAT
Mitochondrial activity is essential for many cellular functions such as adenosine triphosphate production, oxidative phosphorylation and biosynthesis of amino acids and lipids. 17 The peroxisome proliferator-activated receptor-g coactivator-1 family of coactivators is also an important component of the regulatory networks that govern expression of nuclear genes during BAT differentiation and mitochondrial biogenesis. Peroxisome proliferator-activated receptor-g coactivator-1s are key regulators of mitochondrial biogenesis and are involved in the regulation of brown adipocyte-specific genes. One of the family members, peroxisome proliferator-activated receptor-g coactivator-1a, lies upstream of the nuclear-encoded mitochondrial transcription factor A, which is indispensible for mitochondrial biogenesis and thus serves as a nutrient-sensing system that regulates mitochondrial biogenesis. 18 Peroxisome proliferator-activated receptor-g coactivator-1a-responsive genes linked to mitochondrial function are suppressed in humans with diabetes. 19 Several investigations have indicated that the mitochondrial respiratory chain may have a direct role in metabolic disorders such as insulin resistance and type 2 diabetes. 20, 21 The biogenesis of the respiratory chain is uniquely dependent on the coordinated expression of both nuclear-and mitochondrial-encoded subunits. However, only a minority of the respiratory chain subunits (13 of about 100) are encoded by mitochondrial DNA, but these subunits are nevertheless essentialFas disruption of mitochondrial DNA expression leads to severely impaired respiratory chain function that is in turn linked to metabolic disorders. 22 How nuclear factors communicate with the mitochondrial gene expression machinery is not well understood, but tightly regulated intracellular signaling pathways must exist. These pathways, which are coupled to a massive induction of mitochondrial biogenesis, need to be activated in brown adipocytes. Moreover, it was recently shown that cyclic AMP, which activates mitochondrial protein kinase A, does not originate from cytoplasmic sources but is generated within the mitochondrion by the carbon dioxide/ bicarbonate-regulated soluble mitochondrial adenylyl cyclase in response to metabolically generated carbon dioxide. 23 In the latter report, it was demonstrated for the first time that a complete protein kinase A signaling pathway resides within this organelle. This pathway is believed to function as a metabolic sensor, modulating adenosine triphosphate production in response to metabolic needs by mitochondrial protein kinase A-mediated regulation of respiratory chain activity.
Future development
Activation, substrate preference and metabolic role of hBAT Combined positron emission tomography and computed tomography was used for acquisition of biopsies that made it possible to identify hBAT, based on cold-induced 18 F-FDG uptake in computed tomography-verified adipose tissue. 1 Investigation of hBAT in vivo metabolism in greater detail would be interesting, for example, to study the metabolic profile of activated BAT using tracers for glucose 25 Another way of inducing hBAT formation would be to study patients with elevated levels of circulating thyroid hormones triiodothyronine (T 3 ) and thyroxine (T 4 ). Thyroid hormones have an athermogenic effect on many tissues, mediating an increased metabolic rate and oxygen consumption. In hyperthyroidism, the thyroid gland secretes an excess of thyroid hormones and this results in stimulated energy expenditure. It is also known that activation of BAT requires thyroid hormones and that thyroid hormones directly regulate UCP1. 26 To determine the role of human BAT in energy expenditure and its value as a potential target for intervention, more studies are clearly needed. Larger prospective studies would be of great interest; here, standardized protocols for measuring human BAT mass and activity, and its inducibility by various external cues such as cold exposure, would be of great value, as this would facilitate evaluation and comparison of studies.
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